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Abstract: Green agriculture can minimize the negative impact of agriculture on the environment,
and green products are usually sold at a higher price due to their green attributes. This induces
farmers to produce conventional products and falsely sell them as green products. To better promote
the development of the green agricultural product market, we study the effect of retailers’ audit
strategies, premium policies and farmers’ punishment policy on farmers’ decisions. We develop an
evolutionary game theory model to describe evolutionary behaviors of farmers and retailers. Then,
we analyze the evolutionary stability strategies in different scenarios and numerically simulate the
evolution of farmers’ decisions and retailers’ decisions to verify theoretical results. The results show
that the static premium policy is not an ideal policy to promote the development of green agriculture,
whereas the dynamic premium policy, as well as the dynamic premium and farmers’ punishment
policy, could lead to an effective green market. A higher maximum premium encourages more
farmers to produce true green products and may allow more retailers not to audit farmers. Moreover,
if the punishment for farmers increases, more retailers will not audit farmers, leading to lower audit
cost. Finally, a lower audit fee could motivate more farmers to produce true green products.

Keywords: green agriculture; dynamic premium; audit; evolutionary game theory

1. Introduction

Huge economic benefits motivate farmers to produce conventional products and
falsely sell them as green products, which poses a threat to the development of green
agriculture. This paper aims to investigate how to select a suitable audit strategy under
the premium policy and punishment policy to discourage farmers from running the green
fraud scheme and promote the development of the green agricultural product market.

Agriculture is vital to the survival and development of the human race. However, to
improve the output of agricultural products, farmers use a significant amount of chemical
fertilizers, harmful pesticides and other toxic farm chemicals. These traditional approaches
of farming result in serious environmental problems such as soil degradation, water pol-
lution, greenhouse gas emissions, climate change and biodiversity loss [1–4]. Agriculture
has become a major source of pollution in many countries [5]. For example, farming is
the biggest single cause of the worst air pollution in Europe [6]. Therefore, how to control
pollution from agriculture has drawn increasing attention.

Green agriculture can effectively reduce the environmental pollution caused by agri-
cultural planting. For example, organic farming produces food by using natural sub-
stances and processes instead of synthetic pesticides, herbicides and fertilizers [7]. It is an
ecosystem management where all rely on natural cycles to ensure plant health and crop
performance [8,9]. As a result, this green agriculture enhances soil fertility, protects water
quality and maintains biodiversity [7]. On the other hand, green products are healthier
and more nutritious for people [10]. Thus, people are willing to pay a premium for green
products [11].
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However, a transition to green agriculture is costly for farmers. For example, organic
farming is more labor-intensive, and organic feed is also more expensive. The transition
period in which farmers convert a conventional farm to an organic farm takes at least
3 years, and in this period farmers have no income from farms [12]. Organic agriculture
production often has lower yields compared with conventional agriculture [13,14]. These
disadvantages motivate farmers to cheat buyers by selling conventional products as organic
products. For example, in the United States, five farmers falsely sold conventional corn
and soybeans as organic products, reaping more than USD 120 million, and then they
were jailed [15]. In 2018, the European Union limited imports from Ukraine, Kazakhstan,
Moldova and the Russian Federation which were identified as high-risk areas for organic
fraud [16]. If fraud is exposed by the media or governments, it can seriously damage
retailers’ brands and reputations. To deal with fraud, a common approach for retailers is to
use supplier audit as a screening mechanism. For example, GoMacro audits their suppliers
every year to ensure that raw materials are organic [17].

Though auditing farmers can discourage green fraud, the audit fee increases retailers’
costs. There are two other ways to prevent green fraud. One is to set the dynamic premium
of green products, where the premium is related to the number of farmers who produce
green products. The other is to set the dynamic premium and punish farmers who falsely
sell green products. Based on the above analysis, several questions arise. What are the
conditions for retailers to audit farmers? How dose the premium policy influence farmers’
farming choices? Which premium policy is better, the static premium policy or the dynamic
premium policy? If farmers will be punished for fraud, do retailers still need to audit
them? Based on the above questions, the objective of this paper is to study how retailers
adopt audit strategies to motivate more farmers to produce true green agricultural products
and analyze how different factors affect decisions of retailers and farmers. In this study,
we build evolutionary game models between retailers and farmers under three different
policies and analyze retailers’ audit strategies and farmers’ production strategies under
these policies. We assume that both retailers and farmers are bounded rational, and they
do not influence each other at the beginning.

2. Literature Review

The sustainable operation of agricultural supply chains is widely studied. Our paper
is primarily related to two streams of literature: sustainable and socially responsible
governance and supplier development.

2.1. Sustainable and Socially Responsible Governance Literature

The socially responsible governance of supply chains is very important for agricul-
ture sustainable development, and it has also attracted many scholars’ attention. Social
responsibility audits, socially responsible sourcing and improving supply chain visibility
are common approaches to improve the sustainability of the supply chain.

An audit is an effective tool to monitor suppliers’ social responsibility. For example,
Plambeck and Taylor [18] analyzed how the buyer determines their level of effort to audit
the supplier. They found that the increased audit efforts of buyers may encourage suppliers
to hide information in some cases, which will backfire. Fang and Cho [19] studied joint
audits and found that the cooperative approach may not be effective to resolve the problem
of social responsibility violation. Kim [20] investigated the dynamic game between inspec-
tion policy and manufacturers’ noncompliance information disclosure. The results show
that random inspections are not always superior to regular visits according to established
schedules. Chen et al. [21] studied the relationship between social responsibility auditing
and information transparency in the supply chain. They found that the unchanged length of
the product line motivates the platform to share information, whether the firm audits or not.
Some other works have started to focus on the audit status of simultaneous procurement
by multiple buyers and study the audits’ effectiveness under joint audit [19,22,23]. For
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example, Ha et al. [23] discuss how sharing audit information among competitors affects
purchasing decisions.

Buyers can use sourcing strategies to solve the problem of social responsibility in
the supply chain. For example, Agrawal and Lee [24] studied how buyers use sourcing
strategies to influence their suppliers to adopt sustainable production processes that meet
certain sustainability criteria. Liu et al. [25] considered supplier selection in responsible
sourcing. de Zegher et al. [26] investigated how to use supply chain contract and sourcing
channels in agricultural operations to create mutual benefit and win–win solutions in the
distributed value chain. Chen and Lee [27] studied sourcing under supplier responsibility
risk, where the buyer designs incentive schemes (such as contingency payments) in the
sourcing contract.

Buyers can also facilitate sustainable and socially responsible governance by improv-
ing supply chain visibility and information disclosure [28]. For example, Kraft et al. [29]
investigated how supply chain visibility influences consumers’ assessments for social
responsibility practice of its upstream, which shows that consumers are fully concerned
about the visibility of their upstream enterprises’ social practices. Chen et al. [30] ana-
lyzed the impact of supply chain transparency on sustainability under NGOs supervision.
Wang et al. [31] discussed the design of enterprises’ voluntary disclosure mechanisms.

Most of the studies mentioned above focus on workers’ working conditions, labor
standards, environmental impact and health and safety in industry. By contrast, we focus
on fraud in green agriculture, which is rarely studied. Second, many works pay attention
to governments’ governance on farmers and retailers, whereas we mainly investigate the
market’s effect between farmers’ and retailers’ interaction and explore retailers’ different
audit decisions and farmers’ different organic production decisions.

2.2. Supplier Development Literature

Our research is also related to the literature on supplier development. Buyers often use
contracts to promote supplier development. For example, Xue et al. [32] studied how buyers
use order commitment and option contracts to deal with supply disruption risks. Kim and
Netessine [33] explored how to incentivize buyers and suppliers to work together to reduce
costs. Chao et al. [34] considered two products’ recall cost sharing contracts and analyzed
how these contracts motivate suppliers to improve quality. Mendoza and Clemen [35]
inspected both the scenarios of single retailer versus multisuppliers and dual retailers
versus multisuppliers. They give solutions for the best investment way for suppliers in
different scenarios. Kim et al. [36], Ran and Xu [37] studied how revenue-sharing contracts
affect suppliers, manufacturers and retailers.

Other works study how to use noncontractual approaches to promote supplier de-
velopment. For example, Chen and Delmas [38] proposed a new frontier model to better
measure enterprises’ ecological inefficiency. Zhou et al. [39] built a two-stage stochastic
programming model to analyze the optimal supplier development mechanism which can
effectively improve supplier performance. Hwang et al. [40] compared the impact of a
vendor appraisal mechanism and vendor certification mechanism on supplier development.
Some scholars also pay attention to farmers’ development [41]. For example, An et al. [42]
analyzed agricultural cooperatives and found that cooperatives or other organizations are
not always beneficial to joined farmers.

In contrast to the above studies, to promote farmer development, we introduce dif-
ferent policies including static reward, dynamic reward, dynamic reward and farmer
punishment policy. We study the impact of these policies on farmers’ decisions. Second,
we suppose the supply chain participants are bounded rationality and use evolutionary
game framework to model their socially responsible behavior, which is distinguished from
most previous sustainable supply chain works.
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2.3. Evolutionary Game Application Literature

Traditional game theory often assumes that all players are completely rational, which
is difficult to achieve in reality [43,44]. Evolutionary game theory assumes that all players
are bounded rational, which is consistent with the principle of biological evolution. It is
often discussed whether players’ strategies eventually converge to an evolutionary stable
strategy in evolutionary game theory [45]. This method is also very suitable for modeling
economic and managerial problems and explaining social phenomena [46,47].

Zhang et al. [48] developed an evolutionary game model to study technology diffusion
in alliances in the context of a complex network. They found that increasing environmental
tax standards and subsidizing firms can incentivize firms to diffuse green-manufacturing
technology in the alliance. However, generous innovation subsidies do not result in
benefits for the diffusion of green manufacturing technology. Fan and Dong [49] exam-
ined how governments should choose subsidy strategies in low-carbon diffusion when
considering heterogeneous agents’ behavior. They found that when fewer firms and
consumers adopt the low-carbon strategy, only the government subsidy cannot promote
low-carbon diffusion; otherwise even without government subsidies, low-carbon diffusion
can be achieved successfully. Yang et al. [50], Liu et al. [51] and Hafezalkotob and Mah-
moudi [52] used evolutionary game theory to examine sustainable energy development.
Liu et al. [53], Fan et al. [54] and Liu et al. [55] used evolutionary game theory to investi-
gate the impact of government’s reward–penalty policies on sustainable supply chains.
Although these studies use evolutionary game theory to analyze the evolutionary stability
of the effort to promote sustainability, they do not consider retailers’ premium policies and
audit strategies. Our paper examines the impact of retailers’ premium policies and audit
strategies on green supply chain.

3. Model

This paper focuses on how to reduce green fraud and promote the development of
the green agricultural product market. In view of this research problem, we build the
evolutionary game model between retailers and farmers. Farmers decide whether to
produce true green products or cheat. Retailers decide whether to audit farmers or not to
audit them. Figure 1 shows our research framework. We build the evolutionary models
under three different policies, then carry out model analysis and numerical simulation
experiments. Finally, we summarize the research and derive the managerial implications.

Figure 1. Research framework.
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We consider a green agricultural product market where retailers source the product
from farmers and sell it to consumers. In this market, the green product is more expensive
because of its health and environmental benefits [11,56]. Farmers obtain revenue R f +RE by
selling the product to retailers, where R f represents the basic revenue of the product and RE
represents the premium from the green attribute. However, the cost of the green production
cH is higher than the cost of the conventional production cL [57]. This incentivizes farmers
to falsely sell the conventional product as the green product. Thus, farmers face alternative
production strategies: the true green strategy, where farmers produce the true product, and
the fraud strategy, where farmers produce the conventional product and sell it as the green
product. Let y (y ∈ [0, 1]) represent the proportion of farmers who adopt the true green
strategy; then, 1− y is the proportion of farmers who adopt the fraud strategy.

Retailers obtain revenue Rr from selling the product. However, farmers’ fraudulent
activity may be discovered by the public with probability θ ∈ [0, 1]. If the public discovers
fraud, retailers are subject to the penalty µ. Thus, retailers’ revenue drops to Rr − µ.
Retailers can audit farmers to avoid the penalty and incur an audit fee φ. In this case, if
farmers adopt the fraud strategy, the product is a conventional product. Thus, farmers
cannot obtain the premium RE from retailers, and retailers’ revenue drops to Rr − δ. δ
represents the premium which retailers obtain from consumers due to the green attribute.
We assume µ > δ, which means that retailers’ revenue suffers a more severer decline if
fraud is discovered by the public. Let x (x ∈ [0, 1]) represent the proportion of retailers
who adopt the audit strategy; then, 1− x is the proportion of retailers who adopt the
nonaudit strategy.

We assume that both farmers and retailers are bounded rational. To minimize fraud,
we consider three policies in the following subsections.

3.1. Static Premium Policy Model

Under this policy, retailers offer farmers a premium revenue RE for the green product,
where RE is a fixed constant. Then, the models in this section are as follows. Table 1 shows
the evolutionary game payoffs matrix of the static premium policy.

Table 1. Payoffs matrix under the static premium policy.

Farmers

True Green Fraud

Retailers Audit π f 1 = R f + RE − cH ; π f 2 = R f − cL;
πr1 = Rr − (R f + RE)− φ πr2 = (Rr − δ)− R f − φ

Nonaudit π f 3 = R f + RE − cH ; π f 4 = (R f + RE)− cL;
πr3 = Rr − (R f + RE) πr4 = (1− θ)(Rr − (R f + RE))

+θ((Rr − µ)− (R f + RE))

When retailers adopt the audit strategy, their expected payoffs are

πA
r = yπr1 + (1− y)πr2 = −yRE − (1− y)δ− R f + Rr − φ. (1)

When they adopt the nonaudit strategy, their expected payoffs are

πNA
r = yπr3 + (1− y)πr4 = −RE − (1− y)θµ− R f + Rr. (2)

Then, based on Equations (1) and (2), retailers’ overall expected payoffs are

π̄r = xπA
r + (1− x)πNA

r . (3)
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Therefore, retailers’ replicator dynamic equation is as follows:

F(x) =
dx
dt

= x(πA
r − π̄r) = x(1− x)(πA

r − πNA
r )

= x(1− x)((1− y)(RE − δ + θµ)− φ).
(4)

When farmers adopt the true green strategy, their expected payoffs are

πTG
f = xπ f 1 + (1− x)π f 3 = RE + R f − cH . (5)

When they adopt the fraud strategy, their expected payoffs are

πF
f = xπ f 2 + (1− x)π f 4 = (1− x)RE + R f − cL. (6)

Then, based on Equations (5) and (6), farmers’ overall expected payoffs are

π̄ f = yπTG
f + (1− y)πF

f . (7)

Therefore, farmers’ replicator dynamic equation is as follows:

F(y) =
dy
dt

= y(πTG
f − π̄ f ) = y(1− y)(πTG

f − πF
f ) = y(1− y)(xRE − cH + cL). (8)

Based on Equations (4) and (8), we obtain the replicator dynamic system (1). According
to F(x) = 0, F(y) = 0, we derive the following equilibrium points:

(0, 0), (1, 0), (0, 1), (1, 1), (x1, y1)

where

x1 = cH−cL
RE

, y1 = 1 + φ
δ−θµ−RE

0 < x1, y1 < 1

To make sure that retailers’ audit strategy encourages farmers to adopt the true green
strategy, we assume that π f 1 > π f 2, that is, RE > cH − cL. We utilize the Jacobian matrix to
analyze the stability of the system’s dynamic equilibrium points. Under the static premium
policy, the system’s Jacobian matrix is as follows:

J =

 ∂F(x)
∂x

∂F(x)
∂y

∂F(y)
∂x

∂F(y)
∂y


=

[
(1− 2x)((1− y)(RE − δ + θµ)− φ) (−1 + x)x(RE − δ + θµ)

RE(1− y)y (1− 2y)(xRE − cH + cL)

]
.

(9)

When the system equilibrium points’ corresponding matrix determinant Det(J) > 0 and
matrix trace Tr(J) < 0, we call it an evolutionary stable strategy (ESS). When Det(J) > 0 and
Tr(J) > 0, the equilibrium point is in an unstable state. However, when Det(J) < 0, it is a
saddle point. Table 2 shows the stability analysis of both players.

Table 2. Stability analysis of both players.

Point Det(J) Tr(J)

(0, 0) −(cH − cL)(RE − δ + θµ− φ) cL − cH + RE − δ + θµ− φ
(1, 0) −(cL − cH + RE)(RE − δ + θµ− φ) cL − cH + δ− θµ + φ
(0, 1) −φ(cH − cL) cH − cL − φ
(1, 1) (cH − cL − RE)φ cH − cL − RE + φ

(x1, y1)
(cH − cL)φ(cL − cH + RE)(RE − δ + θµ− φ)

RE(RE − δ + θµ)
0
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3.2. Dynamic Premium Policy Model

Under this policy, the premium is related to the number of farmers who produce the
green product. If there are more farmers who produce the true green product, meaning
more supply, retailers can pay a lower premium [58]. Thus, under the dynamic premium
policy, we assume that the premium is RE(y) = Re(1 − y). Then, Table 3 shows the
evolutionary game payoffs matrix of the dynamic premium policy.

Table 3. Payoffs matrix under the dynamic premium policy.

Farmers

True Green Fraud

Retailers Audit π f 1 = R f + Re(1− y)− cH ; π f 2 = R f − cL;
πr1 = Rr − (R f + Re(1− y))− φ πr2 = (Rr − δ)− R f − φ

Nonaudit π f 3 = R f + Re(1− y)− cH ; π f 4 = R f + Re(1− y)− cL;
πr3 = Rr − (R f + Re(1− y)) πr4

where πr4 = (1− θ)(Rr − (R f + Re(1− y))) + θ(Rr − µ− (R f + Re(1− y))).

When retailers adopt the audit strategy, their expected payoffs are

πA
r = yπr1 + (1− y)πr2 = −Re(1− y)y− (1− y)δ− R f + Rr − φ. (10)

When they adopt the nonaudit strategy, their expected payoffs are

πNA
r = yπr3 + (1− y)πr4 = −Re(1− y)− (1− y)θµ− R f + Rr. (11)

Thus, based on Equations (10) and (11), retailers’ overall expected payoffs are

π̄r = xπA
r + (1− x)πNA

r . (12)

Retailers’ replicator dynamic equation is as follows:

F(x) =
dx
dt

= x(πA
r − π̄r) = x(1− x)(πA

r − πNA
r )

= x(1− x)((1− y)(Re(1− y)− δ + θµ)− φ).
(13)

When farmers adopt the true green strategy, their expected payoffs are

πTG
f = xπ f 1 + (1− x)π f 3 = Re(1− y) + R f − cH . (14)

When they adopt the fraud strategy, their expected payoffs are

πF
f = xπ f 2 + (1− x)π f 4 = (1− x)Re(1− y) + R f − cL. (15)

Thus, based on Equations (14) and (15), farmers’ overall expected payoffs are

π̄ f = yπTG
f + (1− y)πF

f . (16)

Farmers’ replicator dynamic equation is as follows:

F(y) =
dy
dt

= y(πTG
f − π̄ f ) = y(1− y)(πTG

f − πF
f )

= y(1− y)(xRe(1− y)− cH + cL).
(17)

Based on Equations (13) and (17), we obtain the replicator dynamic system (2). Ac-
cording to F(x) = 0, F(y) = 0, we derive the following equilibrium points:

(0, 0), (1, 0), (0, 1), (1, 1), (x2, y2)
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where

x2 = cH−cL
RE(y)

, y2 = 1 + φ
δ−θµ−RE(y)

0 < x2, y2 < 1

Likewise, to make sure that retailers’ audit strategy encourages farmers to adopt the
true green strategy, we assume that Re(1− y) > cH − cL under the dynamic premium
policy. We utilize the Jacobian matrix to analyze the stability of the system’s dynamic
equilibrium points. Under the dynamic premium policy, the system’s Jacobian matrix is
as follows:

J =

 ∂F(x)
∂x

∂F(x)
∂y

∂F(y)
∂x

∂F(y)
∂y


=

[
(1− 2x)((1− y)(RE − δ + θµ)− φ) Fxy

RE(1− y)y Fyy

]
.

(18)

where

Fxy = (x− 1)x(RE − δ + θµ)− (1− x)x(1− y)Re,
Fyy = (1− 2y)(xRE − cH + cL)− x(1− y)yRe

Table 4 shows the stability analysis of both players.

Table 4. Stability analysis of both players.

Point Det(J) Tr(J)

(0, 0) −(cH − cL)(Re − δ + θµ− φ) cL − cH + Re − δ + θµ− φ
(1, 0) −(cL − cH + Re)(Re − δ + θµ− φ) cL − cH + δ− θµ + φ
(0, 1) −φ(cH − cL) cH − cL − φ
(1, 1) (cH − cL)φ cH − cL + φ
(x2, y2) Det5 Tr5

where Det5 =
(cH − cL)φ(cL − cH + RE)(RE − δ + θµ− φ)(φRe + (RE − δ + θµ)2)

RE(RE − δ + θµ)3 , Tr5 =

−(cH − cL)Reφ(RE − δ + θµ− φ)

RE(RE − δ + θµ)2 .

3.3. Dynamic Premium and Farmers’ Punishment Policy Model

Under this policy, if the public discovers fraud, not only retailers but also farmers will
be punished. Farmers are subject to the penalty F. Similar to the dynamic premium policy,
farmers receive the premium RE(y) = Re(1− y). Table 5 shows the evolutionary game
payoffs matrix under the dynamic premium and farmers’ punishment policy.

Table 5. Payoffs matrix under the dynamic premium and farmers’ punishment policy.

Farmers

True Green Fraud

Retailers Audit π f 1 = R f + Re(1− y)− cH ; π f 2 = R f − cL;
πr1 = Rr − (R f + Re(1− y))− φ πr2 = (Rr − δ)− R f − φ

Nonaudit π f 3 = R f + Re(1− y)− cH ; π f 4;
πr3 = Rr − (R f + Re(1− y)) πr4

where π f 4 = (1− θ)((R f + Re(1− y))− cL) + θ((R f − F)− cL), πr4 = (1− θ)(Rr − (R f + Re(1− y))) + θ(Rr −
µ− (R f + Re(1− y))).

When retailers adopt the audit strategy, their expected payoffs are

πA
r = yπr1 + (1− y)πr2 = −Re(1− y)y− (1− y)δ− R f + Rr − φ. (19)
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When they adopt the nonaudit strategy, their expected payoffs are

πNA
r = yπr3 + (1− y)πr4 = −Re(1− y)− (1− y)θµ− R f + Rr. (20)

Then, based on Equations (19) and (20), retailers’ overall expected payoffs are

π̄r = xπA
r + (1− x)πNA

r . (21)

Therefore, retailers’ replicator dynamic equation is as follows:

F(x) =
dx
dt

= x(πA
r − π̄r) = x(1− x)(πA

r − πNA
r )

= x(1− x)((1− y)(Re(1− y)− δ + θµ)− φ).
(22)

When farmers adopt the true green strategy, their expected payoffs are

πTG
f = xπ f 1 + (1− x)π f 3 = Re(1− y) + R f − cH . (23)

When they adopt the fraud strategy, their expected payoffs are

πF
f = xπ f 2 + (1− x)π f 4 = (1− x)(Re(1− y)(1− θ)− Fθ) + R f − cL. (24)

Then, based on Equations (23) and (24), farmers’ overall expected payoffs are

π̄ f = yπTG
f + (1− y)πF

f . (25)

Therefore, farmers’ replicator dynamic equation is as follows:

F(y) =
dy
dt

= y(1− y)(πTG
f − πF

f )

= y(1− y)(xRe(1− y) + (1− x)(F + Re(1− y))θ − cH + cL).
(26)

Based on Equations (22) and (26), we obtain the replicator dynamic system (3). Ac-
cording to F(x) = 0, F(y) = 0, we derive the following equilibrium points:

(0, 0), (1, 0), (0, 1), (1, 1), (x3, y3)

where

x3 = (F+RE(y))θ−cH+cL
(F+RE(y))θ−RE(y)

, y3 = 1 + φ
δ−θµ−RE(y)

0 < x3, y3 < 1

Likewise, to make sure that retailers’ audit strategy encourage farmers to adopt the
true green strategy, we assume that Re(1− y) > cH − cL. We utilize the Jacobian matrix
to analyze stability of the system’s dynamic the equilibrium points. Under the dynamic
premium and farmers’ punishment policy, system’s Jacobian matrix is as follows:

J =

 ∂F(x)
∂x

∂F(x)
∂y

∂F(y)
∂x

∂F(y)
∂y


=

[
(1− 2x)((1− y)(RE(y)− δ + θµ)− φ) Fxy

(RE(y)(1− θ)− Fθ)(1− y)y Fyy

]
.

(27)

where

Fxy = (x− 1)x(RE(y)− δ + θµ)− (1− x)x(1− y)Re,
Fyy = (1− 2y)(xRE(y) + (F + RE(y))(1− x)θ − cH + cL)

−x(1− y)yRe − (1− x)(1− y)yReθ
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Based on the analysis, Table 6 shows the stability analysis of both players.

Table 6. Stability analysis of both players.

Point Det(J) Tr(J)

(0, 0) ((F + Re)θ − cH + cL)(Re − δ + θµ− φ) cL − cH + Re − δ + θµ− φ + (F + Re)θ
(1, 0) −(cL − cH + Re)(Re − δ + θµ− φ) cL − cH + δ− θµ + φ
(0, 1) −φ(cH − cL − Fθ) cH − cL − φ− Fθ
(1, 1) (cH − cL)φ cH − cL + φ
(x3, y3) Det5 Tr5

where Det5 =
(cH − cL − (F + RE)θ)φ(cL − cH + RE)(RE − δ + θµ− φ)(φRe + (RE − δ + θµ)2)

(RE(−1 + θ) + Fθ)(RE − δ + θµ)3 , Tr5 =

(−cH + cL + (F + cH − cL)θ)Reφ(RE − δ + θµ− φ)

(RE(−1 + θ) + Fθ)(RE − δ + θµ)2 .

4. Analysis
4.1. Static Premium Policy

According to models of the static premium policy, we derive the following proposition
from Table 2.

Proposition 1. Under the static premium policy, for the dynamic system (1):

(i) If RE ≤ δ − θµ + φ, (x1, y1) does not satisfy the condition 0 < x1 and y1 < 1, the
asymptotically stable equilibrium is (0, 0). The unstable point is (1, 0). (0, 1) and (1, 1) are
saddle points.

(ii) If RE > δ − θµ + φ, (x1, y1) satisfies the condition 0 < x1 and y1 < 1, the dynamic
system (1) has no asymptotically stable equilibrium point. (0, 0), (1, 0), (0, 1) and (1, 1) are
saddle points. (x1, y1) is a central point.

Proposition 1 (i) shows that, when the premium is low, the stable equilibrium point is
(0, 0). This means that all farmers adopt the fraud strategy, and no retailer audits farmers.
In this case, all retailers sell the conventional product as the green product, leading to an
ineffective green product market. Conversely, a high premium may incentivize farmers
to produce the green product and avoid this ineffective result. However, Proposition 1 (ii)
indicates that, when the premium RE is high, there is no asymptotically stable equilibrium
point in the dynamic system (1). This implies that even if retailers raise the premium, they
still cannot establish an effective green product market.

Corollary 1. Under the static premium policy, the only possible asymptotically stable equilibrium
point of the dynamic system (1) is (0, 0).

As summarized by Corollary 1, under the static premium policy, dynamic system (1)
has no asymptotically stable equilibrium point. The static premium policy cannot lead
to an effective green product market. Thus, we analyze the dynamic premium in the
following subsection.

4.2. Dynamic Premium Policy

According to models of the dynamic premium policy, we derive the following propo-
sition from Table 4.

Proposition 2. Under the dynamic premium policy, when Re(1− y) > δ− θµ + φ, (x2, y2) is
the asymptotically stable equilibrium point.

Proposition 2 states that there is an asymptotically stable equilibrium point (x2, y2)
under the dynamic premium policy instead of (0, 0) under the static premium policy. When
the premium is sufficiently high, the x2 proportion of retailers audit farmers, and the y2
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proportion of farmers produce the green product. Consumers can buy the green product in
the green product market. In other words, the dynamic premium policy transforms the
ineffective market of the static premium policy into an effective market.

According to the asymptotically stable equilibrium point (x2, y2), we analyze the
impact of the production cost gap cH − cL, the audit fee φ and the maximum premium Re
on retailers’ and farmers’ decisions.

Proposition 3. According to the asymptotically stable equilibrium point (x2, y2), we derive:

(i) ∂x2
∂(cH−cL)

> 0,
∂x2

∂φ
< 0,

∂x2

∂Re
< 0

(ii) ∂y2
∂(cH−cL)

= 0,
∂y2

∂φ
< 0,

∂y2

∂Re
> 0

Proposition 3 demonstrates that the number of retailers increases in the production
cost gap cH − cL. This is because a higher production cost gap may encourage more farmers
to adopt the fraud strategy, which makes more retailers audit farmers. As a result, the
number of farmers who adopt the true green strategy becomes invariant to the production
cost gap cH − cL.

However, the premium Re and the audit fee φ can affect the number of farmers
adopting the true green strategy. Intuitively, a higher premium motivates more farmers to
produce the true green product. In this case, to reduce cost, fewer retailers audit farmers.
On the other hand, a higher audit fee will reduce retailers’ willingness to audit, which
means that farmers face a lower risk of being audited; thus, more farmers adopt the fraud
strategy. In sum, setting a higher premium Re or a lower audit fee φ can incentivize more
farmers to produce the true green product.

In the next subsection, we analyze how the dynamic premium and farmers’ pun-
ishment policy impacts the green market, where farmers will be punished when fraud
is discovered.

4.3. Dynamic Premium and Farmers’ Punishment Policy

According to models of the dynamic premium policy, we derive the following propo-
sition from Table 6.

Proposition 4. Under the dynamic premium and farmers’ punishment policy, when Re(1− y) >
δ− θµ + φ, (x3, y3) is the asymptotically stable equilibrium point.

Proposition 4 demonstrates that, when the premium is sufficiently high, there is an
asymptotically stable equilibrium point (x3, y3). This means that the dynamic premium
and farmers’ punishment policy can also lead to an effective green market.

According to asymptotically stable equilibrium point (x3, y3), we analyze the impact
of the production cost gap cH − cL, the audit fee φ, the maximum premium Re and the
farmers’ penalty F on retailers’ and farmers’ decisions.

Proposition 5. According to the asymptotically stable equilibrium point (x3, y3), we derive:

(i) ∂x3
∂(cH−cL)

> 0,
∂x3

∂φ
< 0 and

∂x3

∂Re
< 0 only if F < (1−θ)(cH−cL)

θ ,
∂x3

∂F
< 0

(ii) ∂y3
∂(cH−cL)

= 0,
∂y3

∂φ
< 0,

∂y3

∂Re
> 0,

∂y3

∂F
= 0

Proposition 5 shows that a higher farmers’ penalty results in fewer retailers taking the
audit. Therefore, punishing farmers who cheat can reduce retailers’ costs and improve the
supply chain performance. When the penalty for farmers is low, the production cost gap,
the audit fee and the premium have the same impact on farmers’ and retailers’ decisions as
those under the dynamic premium policy.
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5. Numerical Simulations

In order to further clarify and verify our model, we use Matlab R2022a for numerical
simulations. We observe the trends of retailers’ and farmers’ decisions under each policy,
as well as the impact of changes in parameters on both players.

First, we focus on the static premium policy. We set parameter values: Re = 3,
δ = 2, θ = 0.5, µ = 4, φ = 4, Rr = 20, cH = 10, cL = 8, which satisfies the condition of
Proposition 1 (i). Figure 2a illustrates that, when the premium is low, the dynamic replicator
system converges to (0, 0), which means that no farmer produces the green product and no
retailer takes the audit. Then, we examine the conclusion of Proposition 1 (ii) in Figure 2b,
where we set parameter values: Re = 10, δ = 2, θ = 0.5, µ = 4, φ = 3, Rr = 20, cH = 10,
cL = 8. We find that, for any initial value, the dynamic evolutionary process presents a
closed loop around the central point (x1, y1), which means that there is no asymptotically
evolutionary stable strategy between retailers and farmers.

(a) (b)
Figure 2. Dynamic evolutionary process under the static premium policy (δ = 2, θ = 0.5, µ = 4,
φ = 4, Rr = 20, cH = 10, cL = 8). (a) When Re is low (Re = 3). (b) When Re is high (Re = 10).

Then, we present the results of the dynamic premium policy. Figure 3a illustrates that
when retailers offer the dynamic premium for the green product, the dynamic evolutionary
process between retailers and farmers presents a spiral convergence. Figure 3b shows that
the evolution of populations fluctuates greatly at first and levels off eventually. Both of
these two figures indicate that (x2, y2) is the asymptotically stable equilibrium point of the
replicator dynamic system (2), and Proposition 2 is verified.

(a) (b)
Figure 3. Evolutionary results under the dynamic premium policy (Re = 10, δ = 3, θ = 0.4, µ = 4,
φ = 3, Rr = 20, cH = 11, cL = 10). (a) Dynamic evolutionary process. (b) Evolution of populations.
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Proposition 3 indicates that raising the premium Re is an effective tool to promote
green production under the dynamic premium policy. Figure 4a,b verifies the result. When
the premium Re increases, more farmers produce the true green product. In this case, fewer
retailers adopt the audit strategy, thus saving the audit fee, which benefits the development
of green production.

(a) (b)
Figure 4. Evolution of both players’ populations under different maximum premiums Re in the
dynamic premium policy (δ = 3, θ = 0.4, µ = 4, φ = 3, Rr = 20, cH = 11, cL = 10). (a) Evolution of
retailers’ populations. (b) Evolution of farmers’ populations.

Finally, we present the results of the dynamic premium and farmers’ punishment
policy. Figure 5a demonstrates that the dynamic evolutionary process between retailers
and farmers presents a spiral convergence, and (x3, y3) is the asymptotically stable equi-
librium point of the replicator dynamic system (3). Figure 5b shows that the evolution of
populations fluctuates greatly at first and levels off eventually. These results are consistent
with the theoretical model results.

(a) (b)
Figure 5. Evolutionary results under the dynamic premium and farmers’ punishment policy (Re = 10,
δ = 2, θ = 0.1, µ = 4, φ = 3, Rr = 20, cH = 10, cL = 8, F = 3). (a) Dynamic evolutionary process.
(b) Evolution of populations.

Figure 6b shows that, under the dynamic premium and farmers’ punishment policy,
the higher the premium, the more farmers produce the true green product. On the other
hand, when the penalty for farmers is low, the higher premium motivates fewer retailers to
audit, as Figure 6a shows.
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(a) (b)
Figure 6. Evolution of both players’ populations under different maximum premiums Re in the
dynamic premium and farmers’ punishment policy (δ = 2, θ = 0.1, µ = 4, φ = 3, Rr = 20, cH = 10,
cL = 8, F = 3). (a) Evolution of retailers’ populations. (b) Evolution of farmers’ populations.

Figure 7 shows that, under certain conditions, increasing farmers’ penalty or the audit
fee can effectively decreases the number of retailers who adopt the audit strategy. This
reduces retailers’ costs.

(a) (b)
Figure 7. Evolutionary results under the dynamic premium and farmers’ punishment policy (Re = 10,
δ = 2, θ = 0.1, µ = 4, Rr = 20, cH = 10, cL = 8). (a) Evolution of retailers’ populations under different
penalties F (φ = 3). (b) Evolution of farmers’ populations under different audit fees φ (F = 3).

6. Conclusions

Nowadays, there is increasing attention to environmental issues caused by agriculture.
Green agriculture as an effective way to reduce the environmental impact of agriculture
has been supported around the world. In this paper, we develop an evolutionary game
theory model to analyze how to build an effective green product market. We consider
three policies: static premium policy, dynamic premium policy and dynamic premium and
farmers’ punishment policy. Under these policies, farmers decide to produce the true green
product or cheat, and retailers decide whether to audit farmers. Based on our study, we
obtain the insights below:

• The static premium policy is not an ideal policy to promote the development of green
agriculture. When the premium is low, the possible state point is (0, 0) in the system.
Farmers and retailers are not willing to make efforts for green agriculture. When the
premium is high, there is no asymptotically stable equilibrium point. The organic
product market is still not effective.
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• The dynamic premium policy, as well as the dynamic premium and farmers’ punish-
ment policy, are effective ways to promote green practice. Under these policies, the
systems can evolve to one asymptotically stable equilibrium point.
The implication of these two results is that retailers should adopt the dynamic pre-
mium policy or the dynamic premium and farmers’ punishment policy. Economic
motivations often drive green fraud. Retailers cannot reduce fraud by setting a static
premium. Conversely, retailers setting a dynamic premium can reduce fraud. It in-
centivizes more retailers to audit farmers, and then more farmers produce true green
products. Governments and the public should punish dishonest farmers. This threat
can also encourage more farmers to produce true green products.

• A higher maximum premium Re encourages more farmers to produce true green
products and may allow more retailers not to audit farmers. This can promote green
practice and reduce retailers’ costs.
The result shows that setting a high maximum premium can not only encourage more
farmers to produce true green products but also reduce retailers’ costs. Although a
high maximum premium incurs higher premium costs, it can reduce the audit cost
and fraud. Thus, retailers would benefit from setting a high maximum premium in a
green product market.

• When the production cost gap increases, it needs more retailers to audit farmers.
When the audit fee decreases, more farmers produce the true green product. If the
punishment for farmers increases, more retailers will not audit farmers.
Our findings imply that more retailers should audit farmers when the production cost
gap is high. Thus, retailers or governments helping farmers to improve production
technology can reduce the production cost gap, leading to a lower the audit cost. On
the other hand, governments should increase dishonest farmers’ penalties, which can
also reduce retailers’ audit costs. This insight is observed in practice. For example, in
the United States, five farmers were jailed for green fraud in 2018. Auditing farmers
can discourage fraud. Thus, our findings also imply that governments should help
retailers reduce the audit fee, which can motivate more farmers to produce true
green products.

There are several limitations in this paper. First, we only consider the interaction
between retailers and farmers. In practice, consumers’ and governments’ decisions also
play an important role in the development of green agriculture. We will consider these
players in future research to enrich the content of this paper. Second, this study does
not consider the traditional product market, and future research will compare the green
product market with the traditional product market. Finally, offering skills training for
farmers is also an effective way to develop green agriculture, which will be considered in
future research.
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